Abstract. Studies in Europe have reported negative effects of acid deposition on forest birds, and research in North America has identified links between forest bird abundance and rates of acid deposition. We examined the bird community in an acidified forest in central Pennsylvania (USA) and evaluated the effects of terrestrial lime application on birds. We used a before-after control-impact (BACI) study design, with one year of observation before (2003) and three years after lime application (2004, 2005, and 2006). Between the 2003 and 2004 field seasons, 4500 kg/ha of dolomitic lime were applied to two of four 100-ha watersheds. Each year, we monitored bird abundance and Ovenbird (Seiurus aurocapilla) eggshell thickness and territory size. Soil and snail abundance data were also collected. The bird community and territory size results indicated that the study area may be providing low-quality habitat for forest birds, perhaps as a result of acid deposition. We found lower forest bird abundances than have been found in less acidified areas of Pennsylvania, and larger Ovenbird territory sizes than have been found in other studies. We found a significant positive relationship between soil calcium and bird abundance, indicating that soil calcium may affect bird abundance. Liming increased soil calcium and pH and led to increased snail and bird abundances. After liming, bird abundance was positively related to snail abundance. No significant changes occurred in Ovenbird territory size or eggshell thickness. Our results suggest that acid deposition could be responsible for reduced bird abundance, and that liming is a potential mitigation technique.
INTRODUCTION
In recent decades, concerns have developed over possible declines in Neotropical migratory songbird populations in North America (Robbins et al. 1989 , Askins et al. 1990 , Peterjohn and Sauer 1994 . Habitat fragmentation has been the primary focus of research into these declines (Hagan and Johnston 1992 , Faaborg et al. 1993 , Robinson et al. 1995 . However, habitat fragmentation is unable to explain all trends. Studies in Europe suggested that reduced calcium levels, attributed to the effects of acid deposition, have negatively affected the reproduction of forest birds Drent 1997, Tilgar et al. 2002) . In North America there is indirect evidence that acidic deposition negatively affects forest bird populations. James et al. (1996) associated areas of declining bird populations in eastern North America with high-elevation areas experiencing high levels of acidic deposition and poor soil buffering. This association, along with significant correlations between high levels of acid deposition and the absence of breeding Wood Thrush (Hylocichla mustelina) (Hames et al. 2002) suggest that acidic deposition may play a role in local declines of certain forest-dwelling birds. However, no studies in North America have identified any mechanisms responsible for the forest bird declines in acidified areas (Mahony et al. 1997 .
Acid deposition has the potential to affect birds through reductions in calcium availability. Increased soil acidity can result in calcium leaching from the soil. Birds require large amounts of calcium to reproduce and raise young (Graveland 1995) . Many small songbirds do not store calcium in their skeletons prior to egg laying and must ingest all necessary calcium during the egg laying period (Simkiss 1967 , Pahl et al. 1997 ). In addition, insectivorous and granivorous birds have difficulties obtaining sufficient levels of calcium in their diets of only insects and seeds (MacLean 1974, Graveland and van Gijzen 1994) . To obtain enough calcium for reproduction, birds must supplement their diets, and the diets of their young, with calcium-rich materials such as snail shells (gastropods), eggshells, bone, and calcareous grit (Graveland 1990, Eeva and Lehikoinen 1995) . Snail shells are a particularly important calcium supplement .
Areas with low soil calcium availability have few calcium-rich food items available to birds , Johannessen and Solhoy 2001 , Hotopp 2002 . Snails are a particularly sensitive calcium source because snail densities are correlated with calcium availability in the soil (Hotopp 2002) . Also, insects on sites with low soil pH usually contain less calcium than those on more alkaline soils (Mahony et al. 1997, Taliaferro et al. . This decreased availability of calcium could reduce reproductive output, or at the extreme, could prevent ovulation (Simkiss 1967) . Forest acidification and limited calcium availability have been linked to thin eggshells (Nyholm and Myhrberg 1977, Drent and Woldendorp 1989) , reduced reproductive success Drent 1997, Tilgar et al. 2002) , and decreased clutch size (Mand et al. 2000) in forest birds in Europe.
In North America, studies in acidified forests have failed to find these reproductive anomalies (Mahony et al. 1997 .
Reduction in the quality of prey and the availability of calcium-rich foods could also make a habitat less suitable and result in decreased densities of birds. For many bird species, territory size is inversely related to food availability (Gill and Wolf 1975 , Kodric-Brown and Brown 1978 , Smith and Shugart 1987 . If calcium availability also influences territory size and location, it seems likely that acidification would result in reduced bird densities.
Central Pennsylvania has historically received and currently receives some of the highest levels of acidic deposition in North America (Lynch 1998) . In addition, much of the soils in this area are poorly buffered. The Mosquito Creek watershed in central Pennsylvania occurs on naturally acidic and poorly buffered soils. Decades of high levels of acidic deposition are believed to have acidified drainage water and extirpated fish populations from many headwater areas (Hoover and Rightnour 2002) . In an effort to restore stream water quality to support historical levels of fish populations and to revitalize the forest, a large-scale liming project was conducted in several headwater terrestrial areas (Sharpe et al. 2006) . The project was designed to investigate the effects of terrestrial liming on water quality, soil quality, vegetation, aquatic and terrestrial macro-invertebrates, and terrestrial vertebrates. Birds were selected as the study terrestrial vertebrate because of their high calcium demands for reproduction.
To test whether acidic deposition and reduced soil calcium levels could be a cause of local bird declines in northeastern United States, we selected sites in a contiguous forest on the Mosquito Creek watershed. Within these sites, we quantified the bird community and reproduction and determined whether bird abundance was correlated with soil calcium availability and calcium-rich food (snail) abundance, and we tested whether changing the soil parameters with liming would result in changes in the bird community and bird reproductive parameters.
We hypothesized that the bird community and bird reproduction parameters would be related to the availability of calcium in the soil and in snails. We predicted liming would increase calcium availability in the limed soils and calcium available in bird diets through increased abundances of calcium-rich prey. If low calcium levels were resulting in thin eggshells as was observed in Europe (Graveland and Drent 1997) , increasing the amount of calcium in bird diets should improve eggshell thickness, and potentially clutch size. Also, if bird populations on our sites were limited by available calcium, increases in calcium availability should result in increases in bird abundance and decreases in territory size. Consequently, we predicted thicker eggshells, smaller territory sizes, and an increase in bird abundance on limed vs. unlimed sites.
METHODS

Study area
This study was conducted in the Mosquito Creek watershed located in Clearfield, Cameron, and Elk counties in central Pennsylvania, USA, over the summers of [2003] [2004] [2005] [2006] . This study was part of a larger study evaluating the effects of watershed and riparian liming as a mitigation technique (Sharpe et al. 2006) . Our portion of the study was focused on four, 100-ha watersheds (hereafter called sites) in the Gifford Run drainage to Mosquito Creek in Clearfield county (41811 0 N, 78817 0 W; Fig. 1 ). This area has been subjected to acidic deposition over the past two decades and current pH of wet deposition is as low as 3.93 (Lynch 1998 , NADP 2005 . The soils in this area were weathered from sandstone and shale of the Pottsville Formation (SoilMap 2005) and contain limited calcium carbonate buffering capacity (DeWalle et al. 1988) .
The study area was within an extensive block of forest dominated by red maple (Acer rubrum), northern red oak (Quercus rubra), and white oak (Q. alba). Dominant understory trees include blackgum (Nyssa sylvatica), sassafras (Sassafras albidum), and witch hazel (Hamamelis virginiana). The understory was patchy with areas typically dominated by mountain laurel (Kalmia latifolia), blueberry (Vaccinium spp.), or various fern species.
STUDY DESIGN
We conducted this study over four years (2003) (2004) (2005) (2006) using a before-after control-impact (BACI) study design (McDonald et al. 2000) . During year one (before), we collected data at all four sites pre-liming. Before the beginning of the breeding season in year two, we randomly selected two sites from the four sites and applied ;4500 kg/ha of dolomitic limestone sand. Limestone sand was applied using a modified log skidder fitted with a lime spreader that dispersed a very light coating of lime. We then collected data on the limed and control sites over the following three years to provide the before-after and the control-impact comparisons. BACI designs help to control for differences among sites and for changes that all sites are subjected to by changes in the environment.
The dolomitic limestone sand contained 26% CaO and 16.4% MgO (Mizel 2005) . The lime consisted of various particle sizes ranging from ,63 lm to .3.35 mm in diameter. About one-half of the limestone particles were .2 mm and 25% of the particles were between 1 and 2 mm in diameter (Mizel 2005) . The smallest particles were predicted to weather quickly, while the larger particles were predicted to weather over longer time periods.
Within each of the four sites, we established 17 survey points per site (68 points total) where bird point counts, snail counts, and soil samples took place every year (Fig.  1 ). In addition, we established a 30-ha core area with grid markings every 50 m for Ovenbird spot mapping (Fig. 1) .
Bird abundance
We monitored bird abundance using point counts at the 68 survey points every year (17 points per site). The points were separated by 200 m to prevent repeat counts of the same birds (Martin et al. 1997) . Upon arrival at a survey point, we waited one minute before beginning the count. We recorded any bird seen or heard for five minutes within a 50-m fixed-radius circle. Each year we completed point counts three times at each site between June 1 and July 15. To avoid any time-of-day effects, we surveyed points in different orders each time. We conducted surveys between 06:00 and 10:00 on days without strong wind (,3.6 m/s), rain, or dense fog. We used the maximum number recorded from the three surveys for each point for analysis.
Study species
In addition to surveying the bird community, we selected the Ovenbird (Seiurus aurocapilla) as a focal species for a more in-depth study of reproduction and territory size. The Ovenbird is a ground-nesting bird and a Neotropical migrant that is a common breeder throughout Pennsylvania forests (Brauning 1992) . It was one of the most abundant bird species on the study sites. Also, there have been numerous studies (e.g., Hann 1937 , Zach and Falls 1979 , Van Horn and Donovan 1994 of this species dating back to the 1930s, which provide comparative information on food habits, territory size, reproductive success, and foraging behavior.
Ovenbird reproduction.-We located and monitored Ovenbird nests on all four sites each year from early May through late July. We found Ovenbird nests using behavioral cues and by thoroughly searching the area. We monitored nests every 2-3 days to determine their fates (Martin and Geupel 1993) . We determined the success or failure of each nest based on the age of nestlings, condition of nest, and presence of fledglings. We calculated Mayfield estimates of nest survival for all nests (Mayfield 1975) . We removed one egg from each of the Ovenbird nests that were found either at the end of egg-laying or early incubation for measurements (approved by Pennsylvania State University's Institutional Animal Care and Use Committee).
We measured eggshell thickness to the nearest 0.1 lm using an eggshell micrometer with rounded contacts (Eeva and Lehikoinen 1995) . We took four measurements around the equator of the egg, where measurements have less variation compared to other areas of the shell (Tyler 1967) . All whole eggs were frozen to aid in shell removal. We weighed all eggshells after they were dried. We did not measure shell density because the amount of calcium in eggshells is directly related to shell thickness; eggshell is always made of the hydroxyapatite form of calcium carbonate, so density should not change (Eeva and Lehikoinen 1995) .
Ovenbird territory size.-We monitored territory size of Ovenbirds using spot mapping (International Bird Census Committee 1970) . We used spot mapping on the 30-ha plots within each of the four 100-ha study sites. The core areas were gridded with marked posts every 50 m to aid mapping. We walked the grid lines mapping all Ovenbirds, and noting the location and activity of each bird. Each site was mapped 12 times each season within a 2.5-week period after pairs were formed and egg laying began. We completed mapping in the middle of June.
FIG. 1. Map of the four 100-ha sites along Gifford Run in the Moshannon State Forest, Pennsylvania, USA. Sites 1 and 2 were control sites, and sites 3 and 4 were treated sites. Site boundaries followed watershed boundaries. We included a buffer between sites 2 (control) and 3 (treated). The rectangles within each site represent the 30-ha core areas used for spot mapping. The 17 points within each site represent the survey point locations.
We determined territories by plotting all of the Ovenbird observations onto one map and using information on simultaneous observations to decipher individual territories. Territory boundaries were based on observations of male Ovenbirds because the females do not participate in territory defense. When we were uncertain about territory boundaries, we used playbacks to elicit defense behavior from territorial males. We did not include the locations acquired during playbacks in territory size analysis. We determined territory size by drawing and measuring polygons around Ovenbird territories (Stenger and Falls 1959) . We determined territory density by counting the number of entire territories within the plot boundaries and adding the estimated proportion of territories that were partially contained by the plot boundaries.
Soils and snails
Rummel (2006) (Hotopp 2002) . We included downed woody material in our searches. Searches were completed in July between 08:00 and 12:00 hours.
Analysis
Initial bird community relationship with soil.-We analyzed 2003 (before liming) data to determine if there was a relationship between bird abundance and soil conditions. We used linear regression to investigate the relationship between the bird community and soil quality (PROC REG; SAS Institute 1999). We used total number of individual birds per point as the response variable with soil exchangeable calcium as the explanatory variable. We also investigated the relationship between snail abundance and bird abundance using ANOVA (PROC GLM; SAS Institute 1999). We separated snail abundance into two categories: 0 snails (snails not present), and 1-2 snails (snails present) per 25 m 2 . We categorized snail abundance because we observed zero snails at 90% of the surveys. We used the bird variables as dependent variables and snail abundance as the independent variable.
Effects of liming.-We analyzed data collected at points using repeated-measures ANOVA. The model included fixed treatment and time effects, treatment by time interaction effect, random site error effect within treatment, and random experimental error on repeated measurements through time. To test for the effect of liming, we used a time by treatment interaction term. By using the time by treatment interaction, we tested how the control and treatment sites acted differently between before liming and after liming, as in BACI analysis (McDonald et al. 2000) . We also performed contrasts to identify when lime effects took place. The three contrasts compared the time by treatment interactions between the control and treated sites from year one to year two, year one to year three, and year one to year four. We analyzed bird abundance, bird species richness, Ovenbird territory size, Ovenbird eggshell mass, eggshell thickness, clutch size, snail abundance, soil pH, and soil exchangeable calcium.
We used points as the sample unit (68 points sampled each year). Count data, which were not normally distributed, along with other data with distributions in the exponential family, were analyzed using the SAS procedure PROC GLIMMIX (McDonald et al. 2000 , SAS Institute 2006 . Normally distributed data were analyzed using SAS procedure PROC MIXED (SAS Institute 1999 , McDonald et al. 2000 .
We also calculated the least squares means for all ANOVAs and performed comparisons among the means corrected for multiple comparisons using a Bonferroni technique (SAS Institute 1999). We compared the means from years two, three, and four with year one separately for control and treatment to examine the change in the measured parameters on control vs. treated sites. We included only the comparisons on the parameters that had significant treatment by time effects in the ANOVAs.
We also examined the relationships between bird abundance and soil exchangeable calcium, and between bird abundance and snail abundance after lime application to explore whether changing the soils with lime led to the same relationships that were observed before liming. We investigated the relationships between bird abundance and soil exchangeable calcium using SAS procedure PROC REG (SAS Institute 1999). We investigated the relationship between bird abundance and snails using ANOVA (PROC GLM; SAS Institute 1999). We separated snail abundance into three categories: 0 snails, 1-2 snails, .2 snails/25 m 2 . We added a category to include several observations of .2 snails per survey found only after liming. We used points as the sample units and analyzed all data separately for treatment and control. All variation in data is expressed as mean 6 SE.
RESULTS
Conditions before lime application
Soils and snails.-Soil pH in year one was 3.95 6 0.04 (mean 6 SE, n ¼ 62 survey points), with a range of 3.5-4.8. Soil exchangeable calcium was 6.53 6 0.36 meq/100 g (n ¼ 62), with a range of 1.2-14.6 meq/100 g. Bird community.-We counted a total of 33 bird species during point counts in 2003. There were 4.2 6 0.29 birds/point (n ¼ 68), and there were 3.5 6 0.22 species/point (n ¼ 68). The most common species included Red-eyed Vireo, Black-throated Green Warbler, American Redstart, Ovenbird, and Common Yellowthroat (Table 1) .
Ovenbird reproduction and territory size.-We found six Ovenbird nests in 2003. Because of this low number, we included 36 nests from 2004, 2005, and 2006 that were found on the control sites to describe Ovenbird reproduction on the sites without lime application. Nest success (Mayfield 1975) was 0.37 6 0.08 (n ¼ 42 nests). From these nests, we collected 39 eggs with shell mass of 0.131 6 0.003 g, ranging from 0.100 to 0.166 g, and shell thickness of 71.5 6 1.3 lm, ranging from 52.1 to 87.0 lm. The number of eggs laid per clutch was 4.30 6 0.12 eggs/clutch, ranging from 2 to 5 eggs. We saw no evidence of reduced hatchability of eggs. For all clutches where at least one egg hatched, only one egg of 62 did not hatch. We measured 41 Ovenbird territories in 2003, with a mean size of 0.864 6 0.068 ha. Territory size ranged from 0.330 to 1.988 ha. We found a mean of 0.292 6 0.067 territories/ha. Birds, soils, and snails.-We found a significant positive relationship between exchangeable calcium and number of individual birds per point (R 2 ¼ 0.16, F 1,60 ¼ 11.3, P ¼ 0.001; Fig. 2 ). We found no significant relationship between snail abundance and bird abundance before liming (F 1,65 ¼ 0.21, P ¼ 0.65).
Conditions after liming
Soils.-We found a significant time by treatment interaction for soil pH, indicating that soil pH changed on limed sites differently than on control sites over the four years of the study (F 3, 246 ¼ 5.47, P ¼ 0.001). The strongest interaction was found in the contrast between year one and year four (F 1, 246 ¼ 15.23, P , 0.001). Soil pH on limed sites significantly increased from year one to year four (mean change ¼ 0.58, t 246 ¼ 4.62, P , 0.001), while it did not significantly change on control sites (mean change ¼À0.11, t 246 ¼ 0.90, P ¼ 0.37; Fig. 3) . We also found a significant time by treatment interaction for soil exchangeable calcium (F 3, 246 ¼ 4.98, P ¼ 0.002). The strongest interaction was found in the contrast between year one and year four (F 1, 246 ¼ 13.07, P , 0.001). From year one to year four, exchangeable calcium significantly increased on limed Fig. 3 ). Snails.-We found a significant time by treatment interaction for snail abundance (F 3, 261 ¼ 4.02, P ¼ 0.008). The strongest interaction was found in the contrast between year one and year four (F 1, 261 ¼ 9.36, P ¼ 0.002). From year one to year four, snail abundance significantly increased on limed sites (mean change ¼ 1.26 snails per point, t 261 ¼ 5.98, P , 0.001), while it did not significantly change on the control sites (mean change ¼ 0.38 snails per point, t 261 ¼ 1.62, P ¼ 0.11; Fig. 4) .
Bird abundance.-We counted a total of 41 species during point counts. The time by treatment interaction was significant for bird abundance (number of individual birds per 50 m radius point count), indicating that bird abundance changed on the limed sites differently than on the control sites over the four years of the study (F 3, 262 ¼ 2.7, P ¼ 0.046). The most significant time by treatment interaction was in the contrast between years one and four (F 1, 262 ¼ 5.88, P ¼ 0.016). The relative abundance on limed sites increased from year one to year four (mean change ¼ 1.71, t 262 ¼ 3.22, P ¼ 0.002), while it did not change on control sites (mean change ¼ À0.15, t 262 ¼ 0.28, P ¼ 0.78; Fig. 5) .
We also found a significant time by treatment interaction for the average number of different species observed at the 50 m radius point counts (F 3, 262 ¼ 2.60, P ¼ 0.050). The most significant time by treatment interaction was in the contrast for years one and four (F 1, 262 ¼ 5.47, P ¼ 0.020). The average number of species per point on limed sites significantly increased from year one to year four (mean change ¼ 1.79, t 262 ¼ 3.97, P , 0.001), while it did not significantly change on control sites (mean change ¼ 0.265, t 262 ¼ 0.59, P ¼ 0.56; Fig. 5) .
Ovenbird reproduction and territory size.-We collected a total of 46 eggs. We found no significant time by treatment interaction for eggshell thickness (F 3,52 ¼ 1.09, P ¼ 0.36; Fig. 6 ), eggshell mass (F 3,43 ¼ 1.44, P ¼ 0.25), or clutch size (F 3,38 ¼ 1.55, P ¼ 0.31).
We measured 205 Ovenbird territories with a size of 0.973 6 0.037 ha. There was no significant time by treatment interaction for territory size (F 3, 165 ¼ 0.51, P ¼ 0.68; Fig. 7 ). There was also no time by treatment interaction for territory density (F 3,6 ¼ 1.92, P ¼ 0.23; Fig. 7 ). However, we found a near significant time by treatment interaction in the contrast between years one and four (F 1,6 ¼ 5.17, P ¼ 0.063). The number of territories per hectare increased on limed sites (mean change ¼ 0.133, t 6 ¼ 2.71, P ¼ 0.035), while it did not change on control sites (mean change ¼ À0.025, t 6 ¼ 0.51, P ¼ 0.63).
Birds, soils, and snails.-We found no significant relationship between bird abundance and soil exchangeable calcium after lime application on both limed (R 2 ¼ 0.00, 0.0106, F 1,95 ¼ 1.02, P ¼ 0.32). We did find a significant positive effect of snail abundance on bird abundance after liming on treated sites (F 2,99 ¼ 5.73, P ¼ 0.004), while we found no relationship on control sites (F 2,99 ¼ 1.36, P ¼ 0.26; Fig. 8 ).
DISCUSSION
Initial conditions
Our results from before lime application suggest our study sites were of poor quality as measured by soil conditions, snail abundance, and bird abundance. The soil calcium levels we found were similar to those found in areas where calcium-rich prey availability was low and birds had reproductive problems. Graveland (1995) reported eggshell defects occurred on soils with calcium levels of 0.30 g/kg. Subsequent research found that eggshell defects were related to snail abundance and that snails were absent when soil calcium levels were below 1.9 g/kg (Graveland 1995) . We found soil calcium levels as low as 0.24 g/kg, which is lower than the critical levels reported by Graveland.
We also found low snail abundances. We found no snails when soil calcium was below 1.48 g/kg. Hotopp (2002) also found a positive relationship between soil calcium and snail abundance in the Appalachian Mountains, although none of the sites had soil calcium levels below 4.38 g/kg. At these sites, with higher calcium, Hotopp (2002) used timed litter searches and found as many as 14 snails in 10 minutes, compared to our maximum of two snails found in 20 minutes. These soil and snail results suggest that our sites were of poor quality in their ability to provide reproducing birds with calcium.
We found low abundances of several forest bird species. When compared to other studies in less acidified areas in central Pennsylvania (Yahner and Smith 1990 , Rodewald and Yahner 2001 , Yahner 2003 , we found lower abundances of Eastern Wood-Pewees, Red-eyed Vireos, Ovenbirds, and Scarlet Tanagers. Low abundances of these forest bird species suggested the acidified forests in this study were providing poor quality forest habitat for these birds.
These comparisons indicate that the acidified sites are providing low-quality habitat to many forest bird species, possibly resulting from the effects of acidic deposition on calcium availability. Differences in methods, observers, vegetation, weather, and bird communities make comparisons across studies somewhat problematic. However, the information available suggests rather strongly that our sites were of poor quality.
Before liming, bird abundance was related to soil calcium availability suggesting low overall bird abundance may be linked to low calcium availability. The low calcium availability on our study sites likely resulted from high levels of calcium leaching as a consequence of acid deposition and poor soil buffering capacity (DeWalle et al. 1988 , Lynch 1998 , SoilMap 2005 . This result lends support to the hypothesis proposed by James et al. (1996) that atmospheric pollution, and in particular acidic deposition, is a causative factor in the local declines of many forest birds nesting in high elevation eastern forests where acidic deposition is known to be worst.
Effects of liming
We observed significant positive effects of lime on soil calcium, snail abundance, and bird abundance. Past research has found increases in soil calcium and snail abundance after lime application (Graveland 1995) ; however, this is the first evidence that liming is also associated with increases in bird abundance. We also found a significant positive relationship between snail abundance and bird abundance. Snails are an important source of calcium for reproducing birds . The increases in both snail and bird abundance post-liming, in addition to the positive relationship between snail abundance and bird abundance, strongly suggest that bird abundance is not only related to soil calcium, but that the relationship likely resulted from the positive relationship between bird abundance and the availability of calcium-rich food items (snails). We found no relationship between snail abundance and bird abundance prior to liming and on control sites. These sites all had snail abundances lower than three snails/25 m 2 , suggesting that at very low abundances, birds may not encounter snails enough to develop a search image for them (Holling 1959) .
The lack of relationship between bird abundance and soil exchangeable calcium after lime application may be an artifact of our liming process. The presence of undissolved lime particles in the organic soil horizon could have resulted in inflated exchangeable calcium concentrations in our soil samples in relation to what may have been biologically available. Snail abundance should reflect actual changes in biologically available calcium, and thus provide better indicators of bird abundance.
This study was set up as a BACI study design, allowing us to account for differences in site condition prior to treatment. By chance, the study sites selected as treatment sites began with significantly lower soil pH, soil exchangeable calcium, snail abundance, bird abundance, and species richness, and larger Ovenbird territory sizes than the control sites (Figs. 3-5 and 7) . Without accounting for the initial conditions at these sites, the effects of liming would have been much more difficult to detect. Consequently, we recommend a BACI design for studies aimed at detecting site-level treatment effects.
Focal species: Ovenbird
Prior to liming, Ovenbird territory sizes recorded on our sites were larger than those reported in other studies done in areas of North America receiving less acidic deposition, including Tennessee, Michigan, Missouri, and Vermont (Hann 1937 , Stenger and Falls 1959 , Zach and Falls 1979 , Smith and Shugart 1987 , Ortega and Capen 1999 . Ovenbirds, as well as many other territorial animals, adjust their territory sizes according to habitat quality. Ovenbird territory size is inversely proportional to the abundance of food (Stenger 1958) ; therefore, extremely large territory sizes in this study suggested poor-quality habitat, perhaps as a result of low prey abundance.
We found no effects of liming on Ovenbird territory size and only modest effect of liming on Ovenbird territory density. The increase in territory density resulted from additional territories in areas that were previously unused by Ovenbirds, suggesting that areas previously unsuitable for Ovenbirds may have become more suitable. However, we suspect that it may take longer than three years to see a significant response in territory size post-liming. Even though calcium-rich food sources increased on limed sites, Ovenbirds may use vegetation as an indicator of food quality and quantity when selecting territories (Smith and Shugart 1987) . If the vegetation has not sufficiently responded to liming, Ovenbirds may be delayed in decreasing their territory sizes according to actual food supply.
The average clutch size in this study was similar to those reported for Ovenbirds in other studies, suggesting no effect of calcium availability on clutch size (Van Horn and Donovan 1994). We found no Ovenbird eggshell measurements to compare with our results; however, we were able to compare the thickness of Ovenbird eggshells from this study with the thickness of other warbler eggshells from other studies. The Ovenbird shells from this study (71.5 6 1.3 lm) were thinner than those for Black-throated Blue Warblers (Dendroica caerulescens; 93.93 6 3.30 lm), and Hooded Warblers (Wilsonia citrina; 93 lm) (Evans Ogden and Stutchbury 1994, Taliaferro et al. 2001) . Because baseline measurements of eggshell thickness in most songbirds are lacking, it was difficult to determine if Ovenbird eggshells in this study are thinner than normal. Future research should compare eggshell thickness of the Ovenbird in both acidified and nonacidified areas.
We initially selected Ovenbirds as a focal species because they were one of the most abundant species on these sites. The fact that they were abundant on our study sites may indicate that they are better able to obtain needed calcium in these calcium-poor environments than other species. Perhaps Ovenbirds are able to cope with calcium-poor habitats by increasing territory size to ensure adequate food and calcium can be obtained. For example, we found soil calcium levels below the critical levels reported by Graveland (1995) for eggshell defects, yet we found no evidence for reproductive problems in Ovenbirds. Ovenbirds may also be able to acquire enough calcium because they forage on the ground, where calcium-rich food sources, such as woodlice and millipedes, are more abundant (Graveland 1995) . In Europe, Graveland (1995) found that unlike Great Tits, which forage in the canopy, ground-foraging Pied Flycatchers could find enough calcium for reproduction. Graveland (1995) suspected Pied Flycatchers were able to meet their calcium needs by feeding on millipedes and woodlice, whereas Great Tits depended primarily on snails as a calcium source and needed to make special trips to the forest floor to find snails.
While we observed no effect of liming on clutch size, we had no way of determining how many female Ovenbirds did not lay any eggs. Insufficient calcium levels may prevent egg laying until enough calcium can be obtained to lay an entire clutch. Low calcium availability could then affect egg laying by preventing it altogether, rather than reducing clutch size or laying eggs with thin eggshells. Insufficient information is available describing conditions under which birds lay eggs with thin shells rather than no eggs at all. Our results show the short-term effects of liming. Three years may not have been enough time for the lime to be adequately assimilated in the ecosystem; consequently, it may take longer than three years for Ovenbirds to respond to liming.
Conclusions
We found low abundances of birds in an acidified forest, a positive relationship between bird abundance and soil calcium, and an increase in bird abundance after we increased soil calcium with the addition of lime. Together, these results provide strong evidence that the birds in this study were calcium-limited and that, in a calcium-limited environment, bird abundance was indeed related to soil calcium. These results could potentially explain declining abundances of birds in areas receiving high levels of acidic deposition, and consequently has important implications for avian conservation and management.
Forest birds in northeastern United States may require more than protection of large tracts of forests to ensure sustainable populations. We need to continue to reduce air pollution emissions that contribute to acidic deposition. In addition, conservation efforts should be targeted at forests with naturally higher buffering capacities and higher calcium levels in the soils. Unfortunately, in the Northeast, forests that have historically provided the most fertile soils are currently either maintained as farmland, have been developed, or are highly fragmented. Now, most large tracts of forests are located on poor-quality soils. Consequently, we may need to manage these areas in the future using liming to promote forest bird conservation. In addition to improving bird communities, liming may also improve soil fertility, tree regeneration and growth, water quality, and fish populations, making it a potentially effective way to restore targeted forest areas (Long et al. 1997 , Traaen et al. 1997 , Gunn et al. 2001 , Hindar et al. 2003 .
Our study identified the availability of calcium-rich food items (snails) as a potential link between high levels of acid deposition and low bird abundances in North America. However, we still do not know the mechanisms responsible for this relationship. More research is needed to understand how birds respond to snail availability when establishing territories and how low calcium availability affects the likelihood of reproduction, eggshell thickness, and the growth of young.
